Objective: To determine the effect of replacing some dietary carbohydrate with protein, during energy restriction, on weight loss, total energy expenditure (TEE), resting energy expenditure (REE), respiratory quotient (RQ), and the thermic effect of feeding (TEF) in subjects with hyperinsulinemia. Design: Parallel, clinical intervention study of 12 weeks energy restriction (6.5 MJ/day) and 4 weeks energy balance (8.2 MJ/day) in two groups of subjects randomly assigned to either a high-protein (HP) diet (27% of energy (%E) as protein, 45%E as carbohydrate) or a lower-protein (LP) diet (16%E as protein, 57%E as carbohydrate). Subjects: A total of 36 obese nondiabetic volunteers with hyperinsulinemia (10 males/26 females, aged 34-65 y, BMI 28-43 kg/ m 2 , fasting insulin 12-45 mU/l). Measurements: Body weight and composition, TEE, REE, and RQ were measured at baseline and at week 16. In addition, the TEF to an HP or LP meal was determined for 3 h, at baseline and at week 16. Results: After 16 weeks, weight loss was similar in response to each diet; the overall decrease was 7.970.6 kg (Po0.001), of which 6.870.5 kg was fat (Po0.001). REE fell similarly with each diet; the overall decrease was 7197106 kJ/day (Po0.001). The TEF was 2% greater after the HP than after the LP meal at baseline (Po0.01) and 0.8% greater at week 16 (P ¼ 0.35). After 16 weeks, the TEF was not reduced in either dietary group. There was no change in TEE after 16 weeks. Conclusion: In subjects with hyperinsulinemia an energy-restrictive diet containing an increased protein-to-carbohydrate ratio does not enhance weight loss or significantly affect energy expenditure. Caloric restriction, rather than the macronutrient composition of the diet, is the most important determinant of weight loss.
Introduction
Insulin resistance affects approximately 25-35% of Westernized populations 1 and is associated with obesity, 2,3 type II diabetes, 4 and cardiovascular disease (CVD). 5 In overweight patients, moderate weight loss (B4.5-13 kg), [6] [7] [8] particularly reductions in visceral adipose tissue, 9,10 improves insulin resistance. Since the 1960s, high-protein (HP) diets with emphasis on some degree of carbohydrate restriction have been popular with the dieting public. There is at present, however, limited scientific evidence to support the concepts that HP diets facilitate weight loss, ameliorate insulin resistance, and improve health. 11, 12 Low-fat (r30%) diets with an increased protein content have been shown to enhance weight loss 13, 14 and improve insulin sensitivity. 13, 15, 16 In 13 hyperinsulinemic men, Baba et al 13 showed that with two isocaloric diets, greater weight loss occurred in the group consuming the HP diet. It has been proposed that weight loss on a HP diet may be facilitated, in part, by an increase in thermogenesis that may subsequently blunt the fall in resting and total energy expenditure (TEE) that is often observed during weight loss. 13 The reduced fall in resting energy expenditure (REE) may also be related to a preservation of lean mass that has been observed in obese nondiabetic women after energy restriction on low-fat diets containing an increased protein (436% of energy) content. [16] [17] [18] Acute feeding studies in lean and obese nondiabetic subjects have shown that protein can exert up to three times the thermic response as compared to isocaloric preloads of either carbohydrate or fat. 19, 20 Two studies, one in 13 hyperinsulinemic men 13 and a second in eight overweight subjects, 21 showed that resting and TEE were reduced less after an energy-restrictive HP diet (45 and 36% protein) than after isocaloric standard protein diets (15 and 12% protein) . Besides these two small studies, no others have examined the effect of energy restriction and increased dietary protein on the changes in body weight, energy expenditure, and thermogenesis in obese subjects with or without insulin resistance. In addition, neither of the aforementioned studies 13 simultaneously examined changes in total and REE, and the thermic effect of feeding (TEF) in response to HP diets. The aim of this study was to compare the effect of two isocaloric diets either high or lower in dietary protein (30 vs 15% of energy as protein) on weight loss, TEE, REE, the TEF, and respiratory quotient (RQ) in obese hyperinsulinemic subjects after energy restriction and subsequent weight stabilization. We hypothesized that an increase in dietary protein may enhance weight loss independent of dietary calories as a result of increased thermogenesis that may consequently preserve REE and TEE.
Research design and methods

Subjects
A total of 36 volunteers with hyperinsulinemia (10 male and 26 female) were recruited by public advertisement. Subjects were included if they were aged between 20 and 65 y, had a fasting plasma insulin greater than 12 mU/l, and a body mass index (BMI) between 27 and 43 kg/m 2 . Data from the American 'National Health and Nutrition Examination Survey' showed that BMI values of 27.8 kg/m 2 for men and 27.3 kg/m 2 for women were the cutoff points associated with a substantially increased risk of morbidity and mortality. 22 Subjects with a BMI greater than 43 kg/m 2 were excluded because of technical difficulties in performing DEXA. Exclusion criteria included women who were not postmenopausal or infertile, type I or II diabetes, proteinuria, or a history of liver, unstable cardiovascular, respiratory, gastrointestinal disease or malignancy. All subjects were asked to maintain exercise routines at levels established prior to the study. Subjects on antihypertensive or lipid lowering medication were asked to maintain the same dose throughout the study. All subjects gave informed written consent to participate in the study, which was approved by the Human Ethics Committees of the Commonwealth Scientific Industrial Research Organisation, and the Royal Adelaide Hospital.
Diets
The prescribed diets were (a) HP diet (30% of energy (%E) from protein (B110 g/day), 40%E from carbohydrate) and (b) lower-protein (LP) diet (15%E from protein (B60 g/day), 55%E from carbohydrate). The fatty acid profiles for each diet were matched (8%E as saturated, 12%E monounsaturated, and 5%E polyunsaturated fatty acids). The diets were prescriptive fixed menu plans and subjects were supplied with key foods that made up 60% of their energy intake to assist with compliance. The key foods supplied were preweighed meat and poultry, shortbread biscuits, Canola Lite TM margarine, and Sunola TM oil (MeadowLea Foods Ltd, Mascot, NSW, Australia), plus Kraft Free TM (3% fat) cheese (Kraft Foods Ltd, Melbourne, Vic, Australia), skim milk powder, and diet yoghurt for the HP diet, and sultanas and rice for the LP diet. Further differences between the two diets are described elsewhere. 23 Each fortnight, subjects visited the same research dietitian who provided detailed dietary instruction and assessment. Weighed daily food records were completed on 3 consecutive days (2 weeks and 1 weekend day) at each 2-week period, and energy and macronutrient intakes were determined using Diet 1 Nutritional software (Xyris Software, Highgate Hill, Queensland, Australia). 24 This program is based on Australian food composition tables and food manufacturers' data. The database has been extensively modified by our research dietitians to add new foods and recipes, and there were no missing values for the nutrients of interest.
Experimental design
The study was conducted on an outpatient basis. Subjects were matched on the basis of fasting plasma insulin, BMI, age, and gender. The two matched groups were randomly assigned to either the HP or LP diet. Both the HP and LP groups underwent 12 weeks of energy restriction (B30% restriction of total energy), plus 4 weeks at energy balance on the same macronutrient composition. At weeks 0 and 16, body weight and composition, TEE, REE, RQ, the TEF, and energy expenditure attributable to physical activity (PAEE) were assessed. All measurements were performed by the same investigator. Subjects were instructed to maintain similar activity and food intake throughout the assessment of energy expenditure. The 3-day food and activity diaries were used to assess compliance beginning the day prior to measurements being made at baseline and at week 16. In addition, 24-h urine samples were assessed for urea and creatinine at weeks 0 and 16. (1.7470 .01 mCi/ml). The labeled solution was administered over 48 h (commencing immediately after the measurement of REE on day 1) by constant infusion using a mini-pump syringe driver (SIMS Graseby MS16A Syringe driver; SIMS Australasia PTY.Ltd; Bundall QLD, Australia). Subjects completed a 24 h urine save (commenced after the first morning specimen of day 2, until, and including, the first morning specimen of day 3) while doing their normal activities at home or at work. Aliquots of urine were stored at À201C until analyzed for the specific activity urea using a method based on that of Elia et al. 25 After removal of atmospheric CO 2 dissolved in the urine, urease was added and the CO 2 released from urea was sequestered by a CO 2 trapping solution. The specific activity of the trapped CO 2 was determined by scintillation counting, and thereafter total CO 2 production per day was indirectly calculated using the equation 25 CO 2 production ðmol=dayÞ ¼ 0:95Â0:85Âinfused bicarbonate ðdpm=dayÞ Specific activity of urea ðdpm=molÞ TEE was calculated from net CO 2 production assuming an energy equivalent of 535 kJ/mol CO 2 (which approximates the value obtained in subjects close to nutrient balance, who have an RQ of B0.85).
Methods
26
Preliminary studies in our group have established that the [ 14 C]-bicarbonate-urea method has an intra-assay CV of 3.970.3% in lean subjects (eight men) and 3.670.3% in obese subjects (six men/nine women). Within subjects the variation between study days was 4.871% in lean subjects and 9.771.3% in obese subjects.
REE and RQ
Fasting REE and RQ were measured over 30 min by indirect calorimetry using a ventilated canopy and Deltatract metabolic monitor (Datex Division Instrumentarium Corp., Helsinki, Finland). The instrument was calibrated before each set of measurements. After an 8 h fast, subjects lay supine on a bed in a thermoneutral environment with a clear plastic hood over their head and shoulders, and the REE and RQ were recorded for 30 min. The first 10 min of data were discarded to ensure all subjects had reached equilibrium, and the remaining 20 min of data were averaged and represented the values for fasting REE and RQ. The intraindividual CV of the Deltatrac system was established to be 1.770.41% for fasting REE, 3.1070.8% for fasting RQ, and 7.871.5% for TEF. 27 Postprandial RQ and the thermic effect of food (TEF). After the measurement of REE, each subject consumed a 2715 kJ HP (32%E as protein, 54%E as carbohydrate) or a 2747 kJ LP (10%E as protein, 77%E as carbohydrate) test meal that was representative of their study diet (Appendix), within 20 min. The compositions of the two test meals were different to the macronutrient composition of the overall study diet because the aim was to match the caloric content while maximizing the protein-to-carbohydrate exchange between the two single meals. Thereafter, subjects returned to the hood for 180 min during which RQ and REE values were recorded every 20 min. Fasting RQ was subtracted from every 20-min postprandial RQ value, and the 20-min values over the 180-min period were averaged to determine the mean change in RQ for the subsequent 3 h. Similarly, TEF was calculated from fasting and postprandial REE values.
Physical activity energy expenditure. Physical activity was assessed using a 3-day physical activity diary, and an estimation equation, in order to determine whether or not physical activity remained stable over the 3 days of energy expenditure measurements. Individuals were instructed on how to complete diaries and provided with written guidelines along with an example. The investigator reviewed this record with the subject at the completion of the TEE measurement and subjectively graded each day's overall activity from a table that specified physical activity indexes (multiples of resting metabolic rate) for eight different levels of activity. 28 In addition, on the day that TEE was measured (ie day 2), energy expenditure because of physical activity was calculated using the semiqualitative estimation equation:
The constant of 0.9 was based on the assumption that 10% of TEE is because of the TEF. 19 
Statistical analyses
All data are presented as means7s.e.m. Statistical analysis was performed using SPSS 10.0 for windows (SPSS Inc., Chicago, USA). The effect of 12 weeks of energy restriction and 4 weeks of weight maintenance was assessed using repeated-measures ANOVA with time as the within-subject factor, and diet and gender as the between-subject factors.
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The study had 80% power (a 0.05) to detect a 3.6 kg difference in body weight, a 2.7 kg difference in TFM, a 1.8 kg difference in TLM, a 7% difference in REE, and an 8% difference in TEE between the dietary groups. The study was not sufficiently powered to examine gender specific changes. Significance was set at Po0.05.
Results
Subject compliance to the study the diets All 36 subjects completed the study. The physical characteristics of subjects in the HP and LP groups at week 0 are shown in Table 1 . There was no difference in any of the variables between diet groups. The energy and macronutrient contents derived from the subjects' daily weighed food checklists are shown in Table 2 , and the energy content and macronutrient composition were similar to those of the prescribed diets. During energy balance, the macronutrient composition of both diets remained the same as during the energy-restriction phase, but the energy content of each diet increased (Po0.001).
From weeks 0 to 16, the urea/creatinine ratio increased by 12.675.4% (33.371.7-37.072.1) on the HP diet (P ¼ 0.026), but remained unchanged (from 31.871.3 to 30.871.4) on the LP diet. Figure 1 depicts the change in body weight over the duration of the study for the HP and LP dietary groups. After 12 weeks of energy restriction and 4 weeks of energy balance, the overall mean decrease in body weight was 7.970.6 kg. There was no effect of diet composition on the reduction in body weight (7.971.1 vs 8.070.7 kg, on the HP and LP diets, respectively). Men were 18.4% heavier than women at both weeks 0 and 16 (Po0.001 for overall effect of gender), and they lost 41.9% more weight than women after 16 weeks of dietary intervention (Po0.001). There was, however, no dietby-gender interaction on the decrease in body weight.
Body weight and body composition
After the 16 weeks of dietary intervention, total body fat and abdominal fat mass both decreased (6.870.5 and 0.870.1 kg, respectively) from weeks 0 to 16 (Po0.001). TLM was reduced by 1.570.3 kg (Po0.001). Diet composition had no effect on the reductions in total and abdominal fat mass, or on TLM. There was no effect of gender, nor any diet-by-gender interaction on the reductions in total and abdominal fat mass, or on TLM.
Total and REE Overall, there was a nonsignificant decrease (4.1%) in TEE from 11 1877355 kJ/day at week 0 to 10 5837409 kJ/day at week 16 (Table 3) . Diet composition had no affect on TEE. At both weeks 0 and 16, men had a greater TEE than women (13 360 vs 9955 kJ/day, Po0.001 for overall effect of gender).
After 12 weeks of energy restriction and 4 weeks of energy balance, the overall mean reduction in REE was 8.8% from 78337251 at baseline to 71147206 kJ/day by week 16 (Po0.001) ( Table 3 ). There was no effect of diet composition on REE (Table 3) , regardless of whether REE was expressed as an absolute value, or as REE per kg of body weight or TLM. At both weeks 0 and 16, men had a greater REE than women (9117 vs 6842 kJ/day, Po0.001 for overall effect of gender), but there was no effect of gender on the reduction observed for REE.
RQ, the TEF, and physical activity energy expenditure Overall, the mean fasting RQ increased from 0.7870.007 at baseline to 0.8270.008 at week 16 (Po0.001). Diet composition had a significant effect on fasting RQ such that the increase in the LP diet group (from 0.7770.009 at baseline to 0.8370.010 at week 16) was 62% greater than in the increase in the HP group ). Baseline measurements at week 0 were assessed using a two-ANOVA with diet and gender as the fixed factors to determine whether there were differences between the LP and HP dietary groups before the intervention commenced. a Data are expressed as means7s.e.m. Subject characteristics for the LP and HP groups were not different. * Significant differences between men and women, with the men having a greater body weight (Po0.001), lean mass (Po0.001), and insulin (P=0.027) and glucose concentration (P=0.029) than women. Women were older than men (P=0.027).
Effect of protein on weight loss and energy expenditure ND Luscombe et al (from 0.8070.012 at baseline to 0.8270.013 at week 16) (time-by-diet effect, P ¼ 0.02) ( Table 3) . There was no effect of gender on fasting RQ.
At week 0, postprandial RQ after the LP meal was approximately 54.5% greater than after the HP meal (0.01170.001 vs 0.00570.001, Po0.001) ( Table 3) . At week 16, postprandial RQ remained 33.3% greater following the LP meal as compared to the HP meal, but the effect of diet was no longer significant (0.009 vs 0.006, P ¼ 0.06). There was a significant time-by-diet effect on postprandial RQ (P ¼ 0.003); in the LP group postprandial RQ decreased from 0.01170.001 at baseline to 0.00970.001 at week 16, and increased from 0.00570.001 to 0.00670.001 in the HP group. There was no effect of gender on postprandial RQ. Postprandial RQ was not related to either the 5.3 mU/l decrease in fasting plasma insulin (r ¼ 0.02, P ¼ 0.93) or the 11.3% decrease in insulin area under the curve (r ¼ 0.05, P ¼ 0.78).
At week 0, the TEF after the HP meal (expressed either as an absolute value or as a percentage of energy intake at the test meal) was 2% greater than for the LP meal (9.1 vs 7.1%, P ¼ 0.009) ( Table 3) . At week 16, TEF remained 0.8% greater following the HP as compared to the LP meal, but the effect of diet composition was nonsignificant (8.6 vs 7.8%, P ¼ 0.3) ( Table 3 ). After 12 weeks of energy restriction and 4 weeks of energy balance, TEF was not significantly reduced from baseline in either the LP or HP group (mean change of +0.69 and -0.56%, respectively) ( Table 3) . There was no effect of gender on TEF. There was no correlation between TEF at weeks 0 and 16, and the change in body weight.
At baseline as compared to week 16, energy expenditure because of physical activity was not significantly different (23317202 vs 23977265 kJ/day). Diet composition had no effect on energy expenditure because of physical activity (Table 3 ). In accordance with this result, we also observed that the physical activity index (a multiple of REE) derived from 3-day physical activity diaries was not different at week 16 as compared to week 0 (1.5670.02 vs 1.5570.02). There was no significant effect of gender on physical activity. Effect of protein on weight loss and energy expenditure ND Luscombe et al
Discussion
The findings from this study showed that, over 16 weeks, total energy intake and not the protein-to-carbohydrate ratio of the diet is the determinant for weight loss. This observation is in accordance with previous findings from our group 23 in obese subjects with type II diabetes. It also agrees with several other short-term studies (7 days to 10 weeks) in obese nondiabetic subjects that showed equivalent weight loss (mean change 3-8%) on energy-restricted diets (3.3-4.2 MJ/day) with increased protein (36-49% of energy as protein) as compared to diets with LP contents (10-37%). 16, 21 In contrast, a study in 13 hyperinsulinemic men showed 28% more weight loss (8.3 vs 6.0 kg) over 4 weeks on a diet containing 45% protein as compared to an isocaloric (B7.4 MJ/day) diet with 12% protein. 13 A significant difference in total body water loss (À1.0 vs 0.3 l) between the HP and LP diets, rather than fat loss (À7.1 vs À6.3 kg), may explain some of the differential weight loss in Baba et al's 13 study. In the present study, total body water was not measured, and the 0.6 kg (8.4%) greater loss of fat mass and the 0.5 kg (29.4%) smaller loss of lean mass on the HP as compared to the LP diet were not statistically significant and possibly explain why the decrease in body weight was not greater on the HP diet. In Baba et al's 13 study there was an 11.5% smaller decrease in REE (equates to a difference of 1053 kJ/day) on the HP as compared to their LP diet. A blunting in REE of this magnitude would be sufficient to explain the differential weight loss between Baba et al's 13 two diets over the 4 weeks of energy restriction. In the present study, the fall in REE was not blunted by the increased protein content of the HP diet (even when adjusted for body weight or lean mass) and we observed a similar result in our previous study in subjects with type II diabetes. 27 Both of our studies had sufficient power (80%, a 0.05) to detect a 3.6 kg Effect of protein on weight loss and energy expenditure ND Luscombe et al difference in the mean body weight, a 2.7 kg difference in fat mass, a 1.8 kg difference in lean mass and a 7% difference in REE, between the HP and LP dietary groups. In response to energy restriction, 29 a 13% decrease of body weight in obese subjects resulted in a 9% decrease in REE, which was not significant once normalized for lean mass. There was no difference in lean mass between the groups in our study. Disparity in outcomes for weight loss and REE between the study of Baba et al 13 and our study may have been a consequence of two-fold greater dietary protein content in the HP diet that they used as compared to protein content of the HP diet that we used. We found a small (4.2%) but not statistically significant decrease in TEE after weight loss. Our study had enough power (80%, a 0.05) to detect an overall fall in TEE of 8%. In all, 15 of the 36 subjects had a decrease in TEE of 8% or more, but in the remaining 21 subjects there was a large degree of variance in the change in TEE; seven individuals experienced a decrease of less than 8% and 14 experienced an increase in TEE. This is the first time we have examined the effect of HP diets on TEE. Our findings are in contrast to those of Whitehead et al, 21 In accordance with previous findings from our group, 27 as well as others, 19, 34 we observed that the TEF was greater after the HP meal than after the LP meal, in subjects with hyperinsulinemia. However, the increased TEF in the HP group only 'wasted' 0.8-2% more energy over the 3 h than the TEF in the LP group, which was not sufficient to influence weight loss in this study. Over 6 months, during energy balance, and assuming that our subjects eat three 2.7 MJ meals per day (or a total of 8.1 MJ/day), the extra 65-162 kJ/day being burnt on the HP as compared to the LP diet may equate to a difference of only 0.7-1.9 kg between the two diets. Accordingly, given the large with-subject day-today variation in the measurement of TEF and the dominant effects of energy intake and physical activity on energy balance, the impact of TEF on either weight loss or weight maintenance is likely to be minimal, at least in the intermediate term.
Since the objective of this study was to determine the effect of an HP energy-restrictive diet on weight loss and the changes in energy expenditure, our subjects were asked to maintain physical activity constant throughout the study. Our findings showed that the average daily level of physical activity, assessed from the 3-day activity diaries and a published table of activity indexes, was similar during the 3 days of energy expenditure measurements at both weeks 0 and 16. We also found that the average energy expended because of physical activity as derived from the labeled bicarbonate (PAEE) studies was similar at weeks 0 and 16. There was, however, substantial variation in the change in PAEE between our individuals, and since the mean error in the measurement of PAEE is 41% (B950 kJ/day), it is likely that small changes in PAEE were not detected.
The greater increase in postprandial RQ after the LP meal, as well as the greater increase in fasting RQ after 16 weeks on the LP diet, presumably reflects the greater carbohydrate content of the LP diet used in this study, and is consistent with our previous findings in subjects with type II diabetes. 27 The magnitude of the increase in postprandial RQ was, however, smaller than expected. This suggests that, in our subjects with insulin resistance, the ability to switch from predominantly lipid oxidation, during fasting, to increased glucose uptake, oxidation and storage after feeding, was reduced. A study by Zurlo et al 35 in 152 nondiabetic Pima Indians showed that high fasting insulin concentrations were correlated with low 24-h RQ, which is consistent with the notion that insulin resistance is associated with lower rates of carbohydrate oxidation. After weight loss, we speculated that an improvement in insulin sensitivity may enhance carbohydrate oxidation as a consequent of improvements in glucose uptake and the suppression of both hepatic glucose release and the release of free fatty acids from the adipose tissue. 35 After 16 weeks, however, significant decreases in fasting insulin and postprandial insulin area under the curve were not related to the increase in postprandial RQ. The implication of having a reduced capacity to switch from fat to carbohydrate oxidation is that it is more difficult to maintain weight loss as compared to someone who has a larger capacity to switch between dietary substrates. We conclude that total energy intake and not the proteinto-carbohydrate ratio of the diet is the major determinant of weight loss in insulin-resistant subjects. The HP diet did not blunt the decrease in energy expenditure that may be Effect of protein on weight loss and energy expenditure ND Luscombe et al associated with weight loss. It remains to be determined whether increased protein diets are of benefit in the maintenance of weight loss, or associated with better compliance with energy restriction in the long term.
